Abstract: Hyponatremia is a very common electrolyte disorder, especially in the elderly, and is associated with significant morbidity, mortality and disability. In particular, the consequences of acute hyponatremia on the brain may be severe, including permanent disability and death. Also chronic hyponatremia can affect the health status, causing attention deficit, gait instability, increased risk of falls and fractures, and osteoporosis. Furthermore, an overly rapid correction of hyponatremia can be associated with irreversible brain damage, which may be the result of the osmotic demyelination syndrome. This review analyzes the detrimental consequences of acute and chronic hyponatremia and its inappropriate correction on the brain and the underlying physiopathological mechanisms, with a particular attention to the less known in vivo and in vitro effects of chronic hyponatremia.
Introduction
Hyponatremia, defined as a serum sodium concentration ([Na + ]) below 136 mEq/L, is the most common electrolyte abnormality in hospitalized patients [1] and is associated with significant morbidity and mortality [2, 3] . The link between hyponatremia and brain is strong and mutual; in fact several OPEN ACCESS neurologic diseases frequently are associated with hyponatremia and hyponatremia itself causes serious clinical consequences that involve the central nervous system [4] . Therefore, it is not surprising that hyponatremia is very frequently encountered in neurosurgical and neurocritical care settings, where it is present in up to 50% and 38% of patients, respectively [1, 4] . Common neurological pathologies, including subarachnoid haemorrhage, cerebrovascular accidents, brain tumour and head trauma [5] [6] [7] , result in hyponatremia secondary to the syndrome of inappropriate secretion of antidiuretic hormone (SIADH) or to the cerebral salt wasting syndrome (CSW), which are a consequence of the release of ADH or natriuretic peptides, respectively, from the brain as a response to an injury. Furthermore, several drugs acting on the nervous system and frequently used in neurosurgical or neurologic/psychiatric patients, i.e., antidepressants and antiepileptic drugs, may cause hyponatremia secondary to SIADH.
The clinical manifestations of hyponatremia are especially related to dysfunction of the central nervous system, and they are more dramatic when a marked decrease of serum [Na + ] occurs acutely [7] . Hyponatremic encephalopathy is a well-known consequence of the brain swelling secondary to acute hyponatremia and is associated with an overall mortality of 34% [8] . Chronic hyponatremia is associated to adaptive responses counteracting swelling in brain cells and is traditionally defined as an asymptomatic or pauci-symptomatic condition [7, 9] . However, there is recent evidence that also chronic and mild hyponatremia is associated with significant clinical consequences involving especially the bone and the central nervous system [2, 10] . Furthermore, the correction of hyponatremia, when inappropriate, could be associated with irreversible brain damage [7] .
The present review analyzes the effects of acute and chronic hyponatremia and its correction on the central nervous system and clarifies the underlying mechanisms leading to brain injury.
Pathophysiology of Brain Swelling and Adaptive Response in Hyponatremia:
The "Osmotic Theory"
Under physiological conditions, brain osmolality is in equilibrium with extracellular fluid osmolality ( Figure 1a) . When hyponatremia occurs, the resulting decrease in plasma osmolality (with the exception of the rare cases of non-hypoosmotic hyponatremia) causes water movement into the brain in response to the osmotic gradient, thus causing cerebral edema [7, 8] (Figure 1b) . The cells most involved in swelling are the astocytes, a kind of glial cells that are a constituent of the blood-brain barrier and have a fundamental role in maintaining the fluid and electrolyte concentration of the extracellular space in the brain [11] . Glial cells selectively swell in presence of hyposmolar stress with sparing of neurons, suggesting the presence of specific water channels localised in astrocytes to protect neurons from the water entry [11, 12] . Recent evidence has suggested the presence of aquaporin (AQP) water channels in the glia, in particular AQP1 and AQP4 subtypes, which appear to be important in the development of cerebral edema during hyponatremia [13] . In fact, when hypoosmolality occurs, water moves through AQP1 and AQP4 channels into the glial cells, which selectively swell whereas neurons are relatively spared [14, 15] . Nevertheless, the glial cells are not perfectly osmometers and an initial swelling of the brain occurs. The presence of adaptive mechanisms counteracting brain swelling represents an ancient conserved homeostatic response that is essential for the cell survival, because cell volume alterations can change cell functions such as cell-cycle progression, proliferation, apoptosis, excitability and metabolism [16] . The regulation of cell volume is well documented in the brain, in which the physical restriction of the skull limits the expansion and makes essential the presence of accurate adaptive mechanism counteracting brain swelling. The first adaptive response is a compensatory displacement of fluid from the interstitial space into the cerebrospinal fluid and from there into the systemic circulation [17] . The next and more sustained adaptive mechanism, known as "volume regulatory decrease" (VRD) [17, 18] , is the extrusion of intracellular solutes together with osmotically obligated water to reduce cellular swelling and normalize brain volume (Figure 1c) . How the cells sense the volume increase and which transduction pathways are involved remain to be elucidated, but a hypothetical membrane receptor with an intrinsic tyrosine kinase activity could be implicated [17] . During the first three hours, cells mainly lose inorganic ions, such as Na [8, 9, [17] [18] [19] . This mechanism accounts for 65% of the observed brain volume regulation [9, 17] . A second response consists of the loss of small organic osmolytes, in particular amino acids (glutamate, taurine, glycine) and myo-inositol through a putative volume-sensitive organic osmolyte and anion channel [9, 17] . The latter is probably a swelling-activated Cl − channel that also mediates the extrusion of organic osmotically active solutes [17] (Figure 2 ). The efflux of organic osmolytes is sustained as long as hyponatremia persists, becoming an essential adaptive mechanism in chronic hyponatremia. The contribution of organic osmolytes to the brain volume regulation has been estimated as 35% [17] . It has to be said that several of the organic osmolytes lost, in particular glutamate, are neuroactive and therefore could produce transient neurological abnormalities, such as increased seizures activity [9, 18] and decreased synaptic release of excitatory neurotransmitters, which could explain the gait instability observed in chronically hyponatremic patients [10, 18] .
The process of brain volume regulation is of fundamental importance in order to understand the variability of the clinical presentation of hyponatremia. When hypoosmolality arises at a rate that exceeds the brain ability to regulate its volume by electrolyte losses, such as in acute hyponatremia (<48 hours), brain edema may occur and the patients can develop severe neurological signs and symptoms, possibly leading to death for brain herniation [7, 20] . In chronic hyponatremia, in which the imbalance is present by more than 48 h, the loss of both electrolyte and organic osmolytes represents a very efficient mechanism to regulate brain volume. Therefore, in chronic hyponatremia brain edema is minimized and neurological symptoms may be absent or mild [7, 21] .
The knowledge of these complex adaptive mechanisms is very important when we correct hyponatremia with an active therapy. Here, a reversal of the compensatory responses secondary to hyponatremia occurs [2, 7, 9] . In particular, recapture of organic osmolytes is needed, in order to prevent a fluid loss from cells. This is a very slow process, which may take several days [18, 22, 23] . Therefore, an overly rapid correction of chronic hyponatremia, that exceeds the brain's ability to recapture the lost osmolytes, causes an inverse osmotic gradient with a consequent dehydration of brain tissue and possible demyelination of the white matter [7] (Figure 1d ). This dramatic consequence is known as osmotic demyelination syndrome (ODS) [24] and occurs especially in the pons (central pontine myelinolysis), although an extrapontine myelinolysis affecting the basal ganglia, cortex, lateral geniculate body and internal capsule can also occur [25] . Also in the pathophysiology of ODS, the cells mainly involved are the astrocytes. A recent in vitro study [26] has demonstrated early astrocytes death after rapid correction of hyponatremia. Astrocyte apoptosis is followed by the loss of the communication between astrocytes and oligodendrocytes, which is crucial for myelination processes [27, 28] . In addition, following astrocytes death inflammatory responses are induced, such as pro-inflammatory cytokines production and microglia activation, eventually resulting in demyelination [26] (Figure 3 ).
From Pathophysiology to Clinical Practice

Hyponatremic Encephalopathy
Hyponatremic encephalopathy is defined as central nervous system dysfunction due to hyponatremia and occurs when brain fails in regulating its volume, such as in acute hyponatremia or when other risk factors are present [8] . The occurrence of death or permanent brain damage in association with symptomatic hyponatremia is well known and has been described since 70 years ago [29] [30] [31] , but only in the last three decades it was clarified that hyponatremia itself can be lethal, independently of the underlying medical conditions [32] [33] [34] [35] [36] . Symptomatic hyponatremia (Table 1) develops primarily in a limited number of clinical settings. The most common condition in which hyponatremic encephalopathy occurs is in postoperative patients, with a prevalence of about 1% [33, 37, 38] . The most important preventable risk factor is the postoperative administration of intravenous hypotonic fluids [39] . Two other groups of patients who are at high risk to develop hyponatremic brain damage are menstruant women and prepuberal children [33, 35] . Estrogens have been shown to impair the activity of the Na + -K + ATPase pump in brain and in other tissues [40] [41] [42] , thus reducing brain adaptation to hyponatremia, whereas androgens can enhance it [43, 44] . Moreover, estrogens seem to regulate water movement by affecting the expression of AQP1 and AQP4 and by increasing circulating levels of ADH, which causes water retention, hyponatremia worsening and water influx into the brain [45] . Furthermore, it has been demonstrated that ADH causes vasoconstriction in female rat brain with a consequent cerebral hypoxia that impairs even more brain adaptation [46] . Prepuberal children are another group of high-risk patients because physical factors, such us a discrepancy between skull and brain size, make them more predisposed to cerebral injury in case of brain edema [8, 35] . In addition, the pediatric brain has a reduced Na + -K + ATPase activity compared to the adult brain [47] , thus impairing adaptive extrusion of solutes during brain swelling. Finally, hypoxemia, which is another cause of the Na + -K + ATPase system dysfunction, greatly increases the risk of death or permanent brain damage in symptomatic hyponatremia. In these patients an episode of hypoxia can result from other underlying conditions (e.g., congestive heart failure) or as a consequence of central respiratory depression or neurogenic pulmonary edema that are well-described complications of cerebral edema and brain erniation [8, 48, 49] . Severely symptomatic hyponatremia represents a medical emergency and a prompt correction is mandatory. In patients with hypervolemic and euvolemic hyponatremia, the first line therapy is hypertonic saline solution (3% NaCl) infusion, usually in association with furosemide to limit the expansion of the extracellular volume [7] . Most patients with hypovolemic hyponatremia can be treated successfully with isotonic saline solution (0.9% NaCl), but in the presence of severe symptoms, such as seizures or coma, hypertonic saline infusion is required [7] . The initial goal is to obtain a 1-2 mmol/L/h increase in serum [Na + ] to a total of 4-6 mmol/L, which appears to be sufficient to reverse the most severe complications of acute hyponatremia [2] . After this initial correction, on going correction for hyponatremia should not exceed a serum [Na + ] correction of 8-12 mmol/L/day or 18-24 mmol/L in the first 48 h, to avoid the risk of ODS [7, 50] .
Chronic Hyponatremia
Chronic hyponatremia has been traditionally defined as an asymptomatic condition because of the previously described adaptive mechanisms that counteract brain swelling. However, recent studies have demonstrated that this condition may also negatively affect the health status. In a case-control study it has been observed that mild chronic hyponatremia (serum [Na + ] 126 ± 5 mEq/L, mean ± SE) was associated with gait impairment, attention deficit and increased risk of falls [10] . The hyponatremic patients included in the study were considered asymptomatic during the first clinical examination at the medical emergency department, but it was found that they had significant deficits and fell significantly more frequently than normonatremic controls (21.3% vs. 5.3%) when evaluated with specific gait and attention tests. In agreement with these observations, "fall" was frequently recorded as a reason for admission at the medical emergency department. The decrease of the attention capabilities and the gait instability observed in chronic hyponatremic patients might justify the increased risk of falls, but the underlying mechanisms are still to be elucidated. One of these mechanisms might be neurotransmitters loss, such as glutamate [18] , as previously discussed. An improvement in the gait tests was recorded after correction of hyponatremia, suggesting that a proper treatment of these patients could prevent a considerable number of falls and hospitalizations. Another study demonstrated that chronic moderate hyponatremia impaired memory in rats and that the correction of the electrolyte imbalance with the vasopressin receptor antagonist tolvaptan could reduce this effect [51] . Vasopressin receptors antagonists or vaptans, a new class of drugs that promotes aquaresis causing a decrease in urine osmolality and an increase in serum [Na + ], have been approved for the treatment of hypervolemic and euvolemic hyponatremia in USA and euvolemic hyponatremia in Europe [2, 52] . It has been shown that tolvaptan, the only vaptan available for oral use, improves the Mental Component Summary of the SF-12 General Health Survey, thus suggesting that the correction of serum [Na + ] may effectively counteract the reduced mental performances observed in hyponatremic patients [52] . Mild chronic hyponatremia has also been associated with detrimental effects on bone, in particular increased risk of osteoporosis and fractures, also independently of bone demineralization [53] [54] [55] [56] [57] . The increased bone fragility together with gait instability makes chronic hyponatremia a new risk factor for fractures, especially in the elderly, and suggests the importance to correct this disorder even when chronic and mild. The traditional treatment of apparently asymptomatic or mildly symptomatic euvolemic or hypervolemic hyponatremia is represented by fluid restriction, whereas in hypovolemic hyponatremia rehydration with isotonic saline solution remains the first choice therapy [2] . In those cases in which severe symptoms are present, hypertonic saline solution infusion can be recommended initially. Patients with chronic hyponatremia are exposed to the risk of ODS, and recently published recommendations have suggested that the correction rate should be 4-8 mmol/L/day in patients at low-moderate risk of ODS with a lower limit to 4-6 mmol/L/day in patients at high risk of ODS [2] . Vaptans represent a valid and effective alternative to correct mildly symptomatic or apparently asymptomatic hyponatremia as an alternative to fluid restriction, if the latter does not work or is not well tolerated, or moderately symptomatic hyponatremia as an alternative to hypertonic saline infusion [2, 58] .
Osmotic Demyelination Syndrome
ODS was recognized for the first time as a complication of an overly rapid correction of hyponatremia in 1976 [59] . The exact prevalence of this syndrome is not known but in large autopsy series it was estimated to be of 0.25%-0.50% in the general population and the majority of the cases were not diagnosed premortem [60, 61] .
The risk to develop ODS depends on several factors. First of all, the patients at risk to develop ODS are those with chronic hyponatremia, especially if starting serum [Na + ] is <120 mmol/L, whereas in acute hyponatremia compensatory solute losses are not present and therefore ODS is unlikely to occur [2] . Other common risk factors are hypokalemia, alcoholism, malnutrition and advanced liver diseases including liver transplantation [2, 60, 61] . These conditions promote the occurrence of ODS because they are associated with alterations in cellular volume control, thus reducing the brain's tolerance to an acute osmotic stress [60, 61] . In particular, the correction of concomitant hypokalemia may cause a more rapid increase of serum [Na + ] because the Na + -K + ATPase extrudes sodium as potassium enters the cell to restore depleted intracellular potassium storage, thus increasing the correction rate of hyponatremia [60, 61] . In some conditions, such as in chronic alcoholism, advanced liver disease, dialysis disequilibrium syndrome and after therapy for hyperammonemia, ODS can occur both in presence of, and without rapid correction of hyponatremia [60] , suggesting that any change in extracellaular fluid osmolality, due to serum osmoles other than sodium, may cause myelinolysis.
The clinical presentation of ODS may vary and depends on the severity of the injury and the involved areas. The most frequent form is isolated central pontine myelinolysis, which occurs in about 50% of cases, whereas in 30% both pontine and extrapontine areas are involved and in 20% isolated extra-pontine myelinolysis occurs [62] . The most frequently involved sites, beside the pons, are cerebellum, extreme and external capsule, lateral geniculate body, putamen, ippocampus, thalamus, caudate nucleus and cerebral cortex [61] . Signs and symptoms of ODS include quadriparesis, dysarthria, dysphagia, and other pseudobulbar symptoms (Table 2) . Usually, the development of these alterations occurs several days after the correction of hypoosmolality [63] . In some cases, as suggested from autopsy series, ODS may be asymptomatic or mildly symptomatic [62, 64] .
The diagnosis of ODS is clinical in patients with neurological symptoms after a recent overly rapid correction of hyponatremia, and can be confirmed by the presence of typical lesions at magnetic resonance imaging [65] . ODS prognosis was traditionally considered severe with an elevate mortality rate, ranging from 50% to 90% at three months from diagnosis [66, 67] . However, a more recently published review of 44 German patients with ODS showed a 6% mortality rate and 40% of patients were discharged without severe neurological disease [68] . Because validated and effective therapies for ODS are lacking, preventing ODS occurrence appears to be of fundamental importance. The correction rate of hyponatremia should not exceed the recommended limits in patients at risk of ODS, as previously detailed. If overcorrection occurs, therapeutic re-lowering of serum [Na + ] could be considered, especially in patients at high risk of ODS, even though validate trials in humans are not available [2, 60, 69, 70] . Re-lowering of serum [Na + ] can be achieved by administering desmopressin (2-5 mcg every 8 hours) and/or by infusion of 5% dextrose in water. Other experimental approaches consist of administration of high dose of corticosteroids, myoinositol or urea, but large studies in humans are lacking and controversial [2, 60, [71] [72] [73] . 
New Perspectives in Chronic Hyponatremia: Beyond the "Osmotic Theory"
The recent demonstration of detrimental systemic effects secondary to chronic hyponatremia, traditionally defined as an asymptomatic or mildly symptomatic condition, opens a new scenario in understanding the pathophysiology of hyponatremia and its clinical consequences that may extend beyond the "osmotic theory". In fact, the adaptive mechanisms that normally counteract cells swelling in chronic hyponatremia, do not explain in principle the presence of the neurological and extraneurological alterations observed also in this condition. An interesting hypothesis could be that hyponatremia directly affects the cellular homeostasis and hence the health status, independently of reduced osmolality. Recently, Barsony et al. demonstrated that sustained low extracellular [Na + ] directly activated osteoclastogenesis and osteoclastic bone resorption in a murine model [56] . Interestingly, they found a [Na + ]-dependent decrease in the activity of the vitamin C transporter, which resulted in a decrease of the uptake of ascorbic acid. Ascorbic acid not only has a central role in regulating the equilibrium between osteoblastic functions and osteoclastogenenesis [74, 75] , but it is also an essential defence against oxidative stress [75] . In the murine model of Barsony et al., the reduction of ascorbic acid secondary to hyponatremia caused an increased production of free reactive oxygen species and stimulated several oxidative stress responses [56] . Oxidative stress is a well-known, common denominator in multiple pathologies related to senescence [76] and contributes to the aging process in the brain [77] . Therefore, a very interesting hypothesis might be that chronic hyponatremia plays a direct role in the pathogenesis of the degenerative processes, in particular those related to aging. Furthermore, the prevalence of hyponatremia increases progressively with aging, affecting up to 10% of patients living at home and 20% of nursing home residents [78] and the elderly represent the sub-population in which the effects of hyponatremia have a major impact in terms of disability, morbidity and mortality [1, 3, 10] . The link between chronic hyponatremia and senescence seems to be supported by the recent evidence that chronic hyponatremia exacerbated multiple manifestations of senescence, such as osteoporosis, hypogonadism, increased body fat and sarcopenia, in male rats [79] . In this new scenario, the understanding of the potential direct effects of chronic hyponatremia on the brain, which is one of the main targets of both hyponatremia and senescence, appears to be of particular interest. With regard to this point, we have recently demonstrated that low extracellular [Na + ] directly produces detrimental effects, independently of reduced osmolality in an in vitro neuronal model of chronic hyponatremia [80] . We observed that sustained low extracellular [Na + ], also in the presence of unaltered osmolality, causes cell distress, in particular reduced cell viability and adhesion, altered expression of anti-apoptotic genes and reduced ability to differentiate into a mature neuronal phenotype. A comprehensive microarray analysis showed that the most altered functions in the presence of low extracellular [Na + ] appeared to be those involved in "cell death and survival". Interestingly, the expression of the heme oxygenase (HMOX-1) gene showed the highest increase. HMOX-1 encodes an inducible stress protein involved in heme turnover [81] , which exerts a potent antioxidant and anti-apoptotic activity in various cells, in particular in neurons [82] . In the brain, HMOX-1 expression increases in response to oxidative stress and protects neuronal cells from oxidative damage such as that caused by cerebral ischemia [83] or ethanol intoxication [84] . These findings are in agreement with those demonstrated by Barsony et al. [56] and reinforce the hypothesis that chronic hyponatremia may have a role in brain distress and aging. These effects are therefore, at least in part, directly related to reduced serum [Na + ] through pathways that appear to involve mainly oxidative stress. Admittedly, these original results may be a key to understanding the presence of signs and symptoms in chronic hyponatremia despite the presence of adaptive mechanisms.
Conclusions
Hyponatremia is a very common electrolyte disorder, especially in the elderly. The consequences of hyponatremia, in particular when acute, on the brain may be clinically evident and severe, including permanent disability or death. An overly rapid correction of hyponatremia may also expose patients to dramatic consequences. Furthermore, it is necessary to also carefully consider chronic hyponatremia, apparently a benign condition, which has been found to be associated with systemic detrimental effects and with a senescence effect. Recent findings indicated that low sodium per se is able to disrupt cell homeostasis and this may explain some of the signs and symptoms described in mild chronic hyponatremia. Nevertheless, further studies are necessary to clearly elucidate the molecular mechanisms involved in the response to low sodium and their reversibility following correct therapeutic strategies.
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